We examined proteoglycans (PGS) in amphibian epidermal cells by immunofluorescence miaoscopy. Immunoelectron microscopy with pre-and post-embedding methods, combined with HRPor gold-conjugated secondary antibody, revealed ultrastructural localization of glycosaminoglycans (GAGS). Embryonic epidermis secretion granules in Xenopus laevis contained chondroitin 6-sulfate and unsulfated chondroitin. Immature seaetion granules were also labeled with anti-chondroitin 6-sulfate and anti-chondroitin. A step-wise digestion experiment on chondroitinase ABC revealed that fme filaments in the secretion granules were chondroitin sulfate chains. Inhibition experiments with brefeldin A revealed that the life of a secretion granule was 5-10 hr, suggesting that GAG secretion from embryonic epidermis is routed through a regulated pathway. (JHistochem C y "
Introduction
Amphibian embryonic epidermal cells contain "mucous" vesicles on their surface (Watanabe et al., 1984; Fox, 1983) . These "mucous" vesicles contain chondroitin 6-sulfate (Nishikawa et al., 1992) . A solely morphological study (Billett and Gould, 1971 ) revealed that the vesicles arise from the Golgi region, a fact compatible with the typical secretory pathway (Palade, 1975) . Presumably, the contents of the vesicle are discharged to function as an embryo surface protector. According to Billett and Gould (1971) , the mucous granules appear in the cell during the early tail-bud stage (Stage 21). i.e., before hatching.
Glycosaminoglycans (GAGS) are characteristic components of the extracellular matrix. Cartilage proteoglycans (PGs) have a high molecular weight and contain chondroitin 4-or 6-sulfate chains, fewer keratan sulfate chains, and a core protein (Hardingham, 1981) . Cartilage PGs are synthesized in the chondroblast and, after addition of chondroitin sulfate chains, are rapidly secreted (Mitchell and Hardingham, 1981; Kimura et al., 1981) . The half-time of PGs until secretion after leaving the Golgi was calculated to be within 10 min (Mitchell and Hardingham, 1981) . Because ofthe short retention time, localization of PG in the chondroblast is limited only in the Golgi region . Thus, the cartilage PG secretion would be routed through a constitutive pathway, so that no typical secretory granules were seen in the chondroblast.
In parotid gland acinar cells, granules contain PGs along with basic secretory proteins, and are secreted via a regulated pathway, so the granules in the cell have a long retention time. However, those PGs are accompanied by a secretory protein and are considered to play a role in packaging of a major secretory protein in the granule (Blair et al., 1991) . The site of core protein synthesis of PG is considered to be rough endoplasmic reticulum, and the protein is transported to the Golgi apparatus. Glycosylation and sulfation occur in the Golgi apparatus and/or the trans-Golgi network (Sugumaran et al., 1992; Blair et al., 1991; Spiro et al., 1991; Ratcliffe et al., 1985) .
There are many questions about amphibian epidermal cell granules: the nature and molecular composition of the granule content, whether or not the granule content is actually discharged, and how granules are processed in the cell. To address these questions, we investigated the locations of chondroitin sulfate and the secretory pathway with anti-GAG antibodies and immunoelectron microscopy. Brefeldin A (BFA), a fungal metabolite, is known to block transport from the endoplasmic reticulum to the Golgi apparatus (Orci et al., 1991; Spiro et al., 1991; Chege and Pfeffer, 1990; Donaldson et al., 1990; Lippincott-Schwartz et al., 1989 . On the basis of inhibition experiment by BFA, the life of mucous granules in cytoplasm was 5-10 hr, indicating that secretion was routed through a regulated pathway.
Materials and Methods

Antibodies
Monoclonal antibodies against chondroitin (COS, clone IBS), chondroitin 4-sulfate (C4S. clone 2B6). chondroitin 6-sulfate (C6S. clone 3B3), and 1373 keratan sulfate (KS. clone 5D4) were purchased from Seikagaku Kogyo (Tokyo, Japan). These antibodies have been previously well characterized (Sorrel1 et al.. 1988; Caterson et al., 1985; Couchman et al., 1384) . Peroxidaseconjugated goat anti-mouse IgG and anti-mouse IgM were purchased from Cappel (West Chester, PA). Gold-conjugated goat anti-mouse IgM (5 nm. Auroprobe EM GAM IgM G5) and anti-mouse IgG (15 nm, Auroprobe EM GAM IgG G15) were purchased from Amersham (Poole, UK). 3B3, 2B6. and 1B5 are known to react with the remaining unsaturated disaccharide "stub" of GAG on the protein core after extensive digestion with chondroitinase ABC (Caterson et al., 1985) .
Immunofluorescence Microscopy
Xenopus embryos at various stages (Nieuwkoop and Faber. 1967) were fixed with 4 % paraformaldehyde in PBS. pH 7.2, for at least 1 day. To improve the permeability, they were pre-treated with 0.1% Triton X-100 in PBS at room temperature (RT) for 1 hr. They were incubated with a chondroitinase ABC concentration of 0.75 Ulml in an enzyme buffer at RT for 1 hr for extensive digestion of PG. The enzyme buffer used in this study was composed of 100 mM Tris-HCI (pH 8). 10 mM NaZEDTA, 10 mM N-ethylmaleimide. 5 mM phenylmethyl sulfonyl fluoride, and 10% methanol. Some embryos were treated with an enzyme solution concentration of 0.05 UIml for 15-60 min. After being washed with PBS, embryos were labeled in wholemount with an appropriate primary antibody diluted 1:50 with 1% bovine serum albumin in PBS (BSAIPBS). Embryos were washed with PBS three times, 5 min each, and then incubated with an appropriate secondary antibody diluted 1:50 with 1% BSAIPBS. After being washed with PBS, the embryos were further labeled with rhodamine-phalloidin (Molecular Probcs; Eugene, OR) diluted 1:20 with PBS. They were mounted in 50% glycerin in PBS. Specimens were examined with an epifluorescence microscope (Fluophot; Nikon, Tokyo, Japan), and were recorded with Tri-X film (Eastman Kodak; Rochester, NY) or Fujichrome 400D film (Fuji Photo Film; Tokyo, Japan).
Swimming larvae (Stage 39) were incubated in distilled water containing 10 pg/ml BFA (Sigma; St Louis. MO), 0.5% methanol for 1. 5, or 10 hr. For control, larvae (Stage 39) were incubated in 0.5% methanol in distilled water. After fixation with 3.7% paraformaldehyde in 0.05 M phosphate buffer (pH 7.2). permeation with Triton X-100. and digestion with 0.71 UIml chondroitinase ABC for 1 hr, the larvae were labeled with anti-C6S. a secondary antibody, and rhodamine-phalloidin.
Immunoelectron Microscopy
Pte-embedding Method. Xenopus swimming l m e (Stage 41-47). foced with paraformaldehyde, permeabilized with Triton X-100, and digested with chondroitinase ABC. were labeled in whole-mount with anti-C6S or anti-COS diluted 1:lOO with 1% BSAIPBS at 4'C overnight. Specimens were labeled with HRP-conjugated anti-mouse IgM or anti-mouse IgG, respectively, at 4'C overnight. The specimens were washed with 0.05 M Tris-HC1 (pH 7.6) three times, and then a DAB reaction was performed. Before or after the DAB reaction, embryos were fived with 1% glutaraldehyde in 0.05 M Tris-HC1 at room temperature for 1 hr. The DAB reaction was performed as follows. First, embryos were incubated with 0.02% diaminobenzidine in 0.05 M Tris-HCI, pH 7.6, at room temperature for 30 min and with 0.02% diaminobenzidine plus 0.005% H202 at room temperature for 5 min. Some specimens labeled with anti-C6S were further labeled with goldconjugated anti-mouse IgM diluted 1:10 with 0.1% BSA in Tris-buffered saline at 4°C overnight. Specimens were post-fixed with 2.5% glutaraldehyde or 2.5% glutaraldehyde plusO.2% tannic acid, fixed with 1% 0~0 4 , dehydrated with a graded series of ethanol, and embedded in Epon 812. Post-embedding Method. After hatching, Xenopus embryos (Stage 39) were fixed with 3.7% paraformaldehyde and 0.5% glutaraldehyde in 0.05 M phosphate buffer (pH 7.2) at 4'C for 2 hr. They were dehydrated with 70% and 90% ethanol, then incubated with a mixture of equal quantity of9O0/o ethanol and LR White resin (London Resin; Basingstone. UK), and embedded in LR White resin at 50% for 24-48 hr. Ultra-thin sections on collodion-coated or bare nickel grids were pre-treated with 0.75 Ulml chondroitinase ABC at R' T for 2 hr and then incubated with 1% BSA/PBS for 5 min to avoid nonspecific adsorption of antibodies. Without washing, sections on the grid were labeled with anti-C6S or anti-COS diluted 1:50 with 1% BSAlPBS at RT for 2-3 hr or in a cold room overnight and then with gold-conjugated anti-mouse IgM (5 nm) or anti-mouse IgG (15 nm) diluted 1:lO with a 0.1% BSAlTBS at RT for 30 min. Sections on the grid were treated with 2% glutaraldehyde in distilled water at RT for 10 min and air-dried. The sections stained with aqueous uranyl acetate and lead citrate were examined with a Jeol 1200 EX or 200 CX electron microscope.
Proteogijcan Preservation
Hatching Xenopus laevis larvae (Stage 35) were futed and stained with 2.5% glutaraldehyde, 0.05 % quinolinic phthalocyanine (Cuprolinic Blue) (Polysciences; Warrington, PA), and 0.1 M MgCIz in a 25 mM sodium acetare buffer (pH 5.6) at RT for 20 hr (Scott, 1980) . Specimens were embedded without osmicarion in Epon 812. Ultra-thin sections were stained either with 0.5% sodium tungstate in 50% ethanol or with saturated uranyl acetate in 50% ethanol for 5-50 min.
Results
Whole-mount immunofluorescence microscopy with anti-chondroitin sulfate antibodies revealed fluorescent granules in the surface epidermal cells of swimming larvae (Figures la and Ib). The epidermal surface was composed of granule-containing cells and dispersed ciliated cells ( Figure IC) . The epidermis formed a tight sheet. Anti-chondroitin 4-sulfate and anti-keratan sulfate did not label surface epidermal cells. Anti-chondroitin (COS) antibody labeled the cells ( Figure Ib ), but the labeling was weak compared with that of anti-CGS. Anti-C6S strongly labeled the epidermal surface with bright fluorescent granules ( Figure la) . Anti-C6S labeled deeper cytoplasm within epidermal surface cells.
Conventional electron microscopy revealed that surface epidermal cells of swimming lame (Stage 39-41) contained secretion granules. The granules at the apical surface contained flocculent material and lined up on the apical plasma membrane. The Golgi apparatus was close to the nucleus. Granules of various sizes were observed adjacent to the Golgi cisternae. The granules contained dense rods with fine filaments (2-3 nm in diameter).
Immunoelectron microscopy with HRPor gold-conjugated secondary antibodies also revealed that the secretory granules of epidermal cells contained chondroitin 6-sulfate GAG (Figure 2a ). The antibody used against C6S in this study reacts with chondroitin (COS) with a lower affinity. Immunoelectron microscopy showed that anti-COS faintly labeled the secretory granule at the apical surface of the epidermal cell (Figure 2b, arrows) but labeled the immature secretory granule strongly (Figure 2b. arrowheads) . The immature secretory granule was also labeled by anti-C6S. Thus, immature secretory granules contained both chondroitin 6-sulfate and chondroitin, whereas mature secretory granules at the epidermal cell surface contained mostly chondroitin 6-sulfate.
In specimens from which soluble cytoplasmic components were extracted with 0.1% Triton X-100 after formaldehyde fixation, the secretory granules contained dense structures and fine filaments (2-3 nm in diameter) (Figure 3a ). Since no fine filaments were seen in the secretory granule after extensive treatment of the embryo by chondroitinase ABC, the filaments may be chondroitin sulfate chains. The dense rods are considered to be collapsed PGs. Anti-C6S-positive gold particles were located at the surface of the electron-dense rods in the mature secretory granules of the epidermal cell (Figure 2a) .
By using the characteristics of antibody accessibility to antigens after extensive enzyme digestion, a stepwise digestion experiment was performed. Exposure of the whole embryo to chondroitinase ABC at lower concentrations and shorter time (0.05 U/ml, 15 min) did not affect the morphology of the electron-dense rod and the fine filaments extending from this rod (Figure 3b ). At the same time, enzyme treatment with 0.05 Ulml chondroitinase ABC for 15 min was insufficient for immunoreactivity by the anti-C6S GAG, resulting in no detectable gold labeling (Figure 3b ). An increase in exposure time resulted in disappearance of the fine filaments. stained with both (a, c) anti66S and  (b. d) rhodamine-phalloidin. Treatment with  (a, b) or without (c. d Treatment of the embryo with 0.05 Ulml chondroitinase ABC for 60 min resulted in a partial reaction to secretory granules, which indicated incomplete digestion ofchondroitin 6-sulfate GAG. Under these conditions, gold-labeled portions of the secretory granule lost the fine filaments, whereas the remaining unreactive part still had fine filaments around the electron-dense rod (Figure 3c ). In fully digested specimens, gold particles were observed on all of the electron-dense structures (Figure 3d ).
To ensure antibody access to deep cytoplasm, post-embedding immunoelectron microscopy was performed. The results were identical with those of the pre-embedding methods. Although both anti-C6S and anti-COS reacted with surface mature secretion granules and immature granules adjacent to the Golgi cisternae, few gold particles were observed in the trans-Golgi cisternae (Figures  4a and 4b) . Conversely, only a few nonspecifically labeled gold particles were observed in control sections for anti-C6S (Figure 4c) .
To determine the physiological state of proteoglycans in secretory granules, quinolinic acid-based dye was added to the fixative. This dye (Cuprolinic Blue) preserves and stains the proteoglycan structure of tendons (Scott, 1980) . Secretory granules of Xenopus embryonic epidermal cells were also preserved and stained with Cuprolinic Blue. Unless post-staining of ultra-thin sections with sodium tungstate was performed, secretion granules had no electron-C. * I dense content. The secretion granule structure was visible after post-staining with sodium tungstate or uranyl acetate. Apparent structures were classified into three types: secretion granules with fine-textured or flocculent material ( Figure Sa) , secretion granules with an electron-dense core with filamentous material (Figure 5b) . and secretion granules with large dense-core structures and filament bridges between the cores (Figure 5c ). These electron-dense sites showed a highly anionic charge, which is probably PG. When Cuprolinic Blue-stained specimens were labeled with conventional uranyl acetate solution, secretion granules gained a high contrast and patterns of granule content were similar to those of specimens with sodium tungstate staining (Figure 5d ). Since these granular structures are considered to be collapsed PG, the three secretion granule patterns observed would show the collapse of PGs to different extents. Secretion granules with homogeneous fine-textured material would show the most conserved structure close to the physiological state.
As BFA is a potent inhibitor of Golgi functions, its addition to the media in which larvae were incubated could result in an interruption of secretion granule formation in the epidermal cells and exhaust already formed granules by discharge from cells. To determine whether or not granules in epidermal cells are actually secreted, the following experiment was performed. One hour after administration of BFA, no change was detected in the distribution and number of surface C6S-positive granules by immunofluorescence microscopy. Five hours after administration, the number of fluorescent granules decreased and granular fluorescence in the deeper cytoplasm of surface cells disappeared. After 10 hr. most of the surface fluorescent granules had disappeared ( Figure 6 ). Conventional electron microscopy revealed a decrease in secretion granules and disappearance of the Golgi apparatus and immature granules 5 hr after BFA administration (Figure 7 ) . These results suggest that the granules are slowly secreted from the cell.
Discussion
Shortly before the hatching of Xenopus laevis, anti-C6S-positive granular labeling was detected in surface epidermal cells by immunofluorescence microscopy. This fluorescent granule was shown by immunoelectron microscopy. to be a "mucous" granule (Nishikawa et al., 1992) . In this study, using several specific antibodies for GAG and gold-conjugated secondary antibodies, the precise location of chondroitin 6-sulfate became clear. Presumably, the chondroitin 6-sulfate chain is a fine filamentous structure (2-3 nm in diameter) extending from an electron-dense rod in the secretory granule.
Based on the results of specimens fixed with glutaraldehyde and Cuprolinic Blue, formaldehyde-fixed and detergent-extracted specimens provide at least a partial collapse of PGs. Therefore, dense rod structures processed by formaldehyde fixation and detergent extraction would show collapsed PGs and it is unlikely that the dense rods would reveal the physiological state of PGs in the secretion granules. Therefore, precise structural information on the secretion granule was not provided in this study. The fine filaments, however, disappeared after extensive digestion with chondroitinase ABC, which showed that the fine filaments were chondroitin sulfate chains. The filamentous nature of PG, is in agreement with previous reports on the morphological appearance of proteoglycan (Scott, 1980) . The morphological characteristics and dimensions of the fine filaments are consistent with those of cartilage GAG (Hunziker and Schenk, 1984) .
The PG-forming site in Xenopus epidermal cells is presumably the Golgi apparatus, the same as cartilage PG (Sugumaran and Silbert, 1991; Burditt et al., 1985; Ratcliffe et al., 1984 Ratcliffe et al., ,1985 . In this study, however, only a few gold particles derived from the presence of C6S and COS were observed in the Golgi cisternae. Therefore, polymerization of the chondroitin chain on the putative core protein may occur in the trans-Golgi cisternae and/or the immature granule adjacent to the Golgi cisternae.
The antibody (3B3) against C6S used in this study reacts with unsulfated chondroitin (COS) with a lower affinity (Couchman et al., 1984) . Conversely, the antibody (1B5) against COS does not react with CGS. When different labeling intensity of anti-COS and anti-C6S between the mature granule at the cell surface and the immature granule adjacent to the Golgi cisternae is considered. the chondroitin chain in the mature granule is mostly sulfated and the site of sulfation may be the immature granule. This is consistent with the results of biochemical studies concerning the formation of chondroitin sulfate (Spiro et al., 1991) , although information on the localization of sulfotransferase is needed to clarify the sulfation site.
Xenopus epidermis granules contain neither chondroitin 4-SUIfate nor keratan sulfate. indicating that the granule PG in this study is different from the cartilage type (Hardingham, 1981) .
To determine whether or not granules are actually discharged and whether granule secretion is constitutive or regulated ('ktakoff and Vassalli, 1978) , an inhibition experiment was designed with BFA, a potent agent for altering Golgi functions and morphology by blocking secretory protein transport from the endoplasmic reticulum to the Golgi apparatus (Orci et al., 1991) . BFA blocked PG synthesis effectively (Spiro et al., 1991) . In this study, 5 or 10 hr after administering BFA, mature granules on the cell surface decreased and immature granules in the deeper cytoplasm disappeared. According to Kelly (1985) , protein secretion from cells is classified into two types. The first is a constitutive pathway in which the cells have no large intracellular pool and secretory protein is rapidly secreted after leaving the Golgi apparatus. The second is a regulated pathway in which secretory protein is concentrated and stored in the cell as secretion granules and then discharged when the cells receive external stimuli. Long retention time and accumulation of secretion granules in the cell suggest that the granules in Xenopus epidermal cells are secreted through a regulated pathway. The pancreatic exocrine gland is an example of regulated secretion and, ultrastructurally, the cytoplasm is filled with zymogen granules (Bendayan, 1984) . On the other hand, in the case ofXenopus epidermal cells, secretion granules lined up on the apical surface of the cell. It is unknown whether this apparent difference is due to the different ratio of formation and discharge of secretion granules or to a different secretion mechanism. The embryonic epidermal cells secrete PGs through a regulated pathway. Chondroblasts, which secrete PGs through a constitutive pathway, have no typical secretion granules because of the short life of the granules. Processes of PG synthesis, modification, and secretion are visible in amphibian epidermal cells. In conclusion, Xenopus epidermal cells provide a useful model for studying proteoglycan secretion mechanisms.
